ABSTRACT: A procedure to fabricate CuInSe 2 (CISe) micro-absorbers and solar cells for concentrator applications is presented. The micro-absorbers are developed from indium precursor islands which are deposited on a molybdenum coated glass substrate (back contact), 
higher the concentration, the more critical becomes heat accumulation. The latter reduces the cell efficiency and lifetime and must be addressed by dissipation techniques like active cooling. In short, CPV systems allow increasing cell efficiencies, but have disadvantages compared to conventional PV regarding the scope of application and costs.
Micro-concentrator photovoltaic devices with an active area of up to ~1200 µm² per cell and small micro-optics can overcome the problems of heat accumulation and bulkiness by a better heat dissipation [3] and a low profile module design.
Furthermore, the approach lowers costs for lenses and tracking systems, due to a reduced mass and size of the system. Thus, this approach promises the opportunity to access the high-performance/low-cost region between the conventional CPV and flatplate (1 sun) PV domain, while widening the range of applications [4] and allowing simultaneous material saving. Theoretically, an efficiency enhancement of about 12% absolute can be achieved for maximum concentration [5] . In top-down approaches micro solar cells are fabricated for example by lithography from planar absorbers. Here the efficiency potential of concentrator micro-absorbers has already been demonstrated for silicon [6] as well as for chalcopyrite solar cells [3, [7] [8] [9] , where an absolute efficiency enhancement of 5% has been reached [9] . Furthermore, a first mini-module based on chalcopyrite absorbers showed an absolute efficiency gain of 1.8% [10] .Even though the potential of efficiency increase has been demonstrated by these micro CPV studies, material saving is another concerning factor, particularly for chalcopyritebased systems, since here, costly constituents such as indium are required.
A possibility for simultaneous efficiency enhancement and material saving can be achieved by growing the micro-absorbers in a bottom-up process, i.e. the local manufacturing of solar absorbers at sites predefined by the geometry of concentrator optics -ideally an array of micro-lenses. Such an approach has been recently demonstrated using electrodeposition, and achieving a proof-of-concept solar cell consisting of micro dots with an efficiency of around 0.3% [11] . Using a similar approach 105 and 1105 µm wide line shaped cells were realized exhibiting efficiencies of 5.3% and 7.6% , respectively [12] .
Alternatively, we propose a new bottom-up strategy for material saving in microconcentrator solar cells based on well-known thin film chalcopyrite absorbers. Such thin film materials can be deposited as localized islands allowing a site-controlled growth of the solar absorber and a production towards micro solar cell arrays. Since the final micro cells must be aligned to a micro lens array, the indium precursor islands must be regularly arranged and exhibit a suitable morphology. In a previous publication we have recently demonstrated that indium islands as precursor material can be site-selectively grown on the back contact (a molybdenum layer deposited on glass) taking benefit of the fs-laser processing technology [13, 14] . This allows to arrange the precursor material into a regular array matching the lateral dimensions of micro-lens arrays.
In this study, we develop a procedure to transform such indium precursors to chalcopyrite micro-absorbers. Based on a sequential process well-established for the production of standard CuInSe 2 chalcopyrite (CISe) cells, we transfer this technology into a bottom-up approach and demonstrate the manufacturing of micro-solar cells.
Although the significantly different surface to volume ratio of the micro absorbers could be expected to result in deteriorated structural and optoelectrical properties, we observe characteristics comparable to planar absorbers.
Experimental Section
The fabrication of the micro solar cells is divided into two steps: In a first step, microabsorbers were grown and optimized in morphology, composition and optical homogeneity.
In a second step, individual micro-absorbers were selected and manufactured into micro-solar cells. Figure 1 schematically shows the manufacturing process of our CISe micro-absorbers.
Fabrication of micro-absorbers
Locally grown indium precursors on molybdenum coated glass were prepared by PVD at a substrate temperature of 510°C, which resulted in the growth of indium islands (Figure 1a ).
The total nominal indium thickness (film equivalent) was 100 nm. The indium island size was adjusted by the indium deposition rate. Small islands (diameter: 40 µm) were obtained by a deposition rate of ~ 0.5 Å/s, large islands (diameter: 60 µm) resulted from a deposition at ~ 0.3 Å/s (for more details of optimizing the indium island self-assembled growth, refer to our previous work [13, 14] ). After cooling to room temperature, a copper layer of several hundred nanometer thickness was deposited at a nominal rate of 1 Å/s by PVD to obtain the desired indium-copper precursors (Figure 1b ). For optimization, the Cu film thicknesses were varied in the range between 150 and 1000 nm, depending on the indium island size. The precursor was converted to CISe in a selenization process consisting of two different temperature steps (Figure 1c) . The sample was placed in a graphite box along with 0.046 g elemental selenium shots. In the first step (alloying phase), the whole box was heated up to 200°C and kept at this temperature for 10 min. As the temperature is not high enough for selenium to be integrated into the metal precursor, a Cu-In alloy forms. This alloying phase is essential for the further reaction kinetics and phase formation of the absorber [15] . In the second step the selenization takes place by rising the temperature to 550°C and holding for 6 min. The selenization was carried out in nitrogen atmosphere at 800 mbar pressure to avoid oxidation reactions with the ambient atmosphere. Local CISe absorbers were formed as well as a thin cover layer of copper selenides (CuSe x ), which were selectively removed by a chemical wet-etching step in a 10% KCN solution for 3 min (Figure 1d ).
Fabrication of micro solar cells
In order to fabricate solar cells from the micro-absorbers locally grown on the molybdenum back contact, an additional electrical isolation is required. Therefore, an isolation layer of SU-8 photoresist [16] , was spin coated on the sample (Figure 2a ) and subsequently pre-baked at 100°C, exposed to UV-light with a wavelength of 385 nm and hard-baked at 200°C. As a result of the spin coating process, the final isolation layer on top of the micro-absorbers is significantly thinner than in between them. This allowed to remove the thin isolating capping layer on the micro-absorbers in an additional Ar + plasma etching process (Figure 2b ). As a result, the micro-absorbers protrude (electrically non-isolated) above the residual isolation layer, which allows to contact them with a transparent window layer, consisting of a CdS buffer ( Figure 2c ) and a ZnO front contact (Figure 2d ). For that, a 50 nm thick CdS Reference absorbers were prepared based on a copper layer of 244 nm and an indium layer of 539 nm, corresponding to a Cu/In molar ratio of 1. However, the precursor metals indium and copper were deposited at room temperature to avoid the formation of islands. The selenisation was performed as described before followed by the deposition of the front contact.
Characterization techniques
Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) measurements were performed by a LEO GEMINI 1530 using an electron energy of 10 keV. X-ray diffraction (XRD) measurements were carried out using a D8 Advance diffractometer with Micro-absorbers were manufactured in a bottom-up approach based on four different steps:
Results and discussion

Fabrication of micro-absorbers
(1) the deposition of well-controlled indium islands; (2) the deposition of a copper layer; (3) a subsequent selenization, and (4) selective removal of copper selenides. Figure 
Morphological characterization
The final absorber morphology strongly depends on the copper-indium ratio and the size of the indium precursor islands. This is evidenced by a series of micro-absorbers shown in After deposition of copper, the islands had maintained their original shape as exemplarily shown in Figure 3b . After selenization, however, precursor material has spread out of the islands to an extent depending on the amount of copper. This effect is strongest in the case of a large indium island diameter covered by a thin copper layer ( Figure 4a ) and smallest in the opposite case of a small island diameter and a thick copper layer (Figure 4d ). Besides the degree of spreading, the absorbers exhibit different degrees of crystallinity. The samples comprising the 150 nm copper layer exhibit much smaller grains (< 1 µm) than those prepared with a 500 nm copper layer (2-3 µm).
By changing the thickness of the copper layer, the molar copper to indium ratio of the precursor is varied. We derived the molar ratios from the volumes of copper and indium show copper-deficient precursors, whereas for the sample in Figure 4d , a slight excess of copper was provided.
After material spreading, the island's central part is surrounded by an annulus, which contains an area marked in Figure 4a . In the following, we will refer to the substrate area covered by the annulus as A rim , the substrate area covered by the central part as and a small (40 µm diameter, Figure 8 ) micro-absorber processed with 500 nm copper layers were characterized by profilometry as well as top-view and cross-sectional SEM/EDX. For small micro-absorber islands, the profilometric measurement also shows a gradual height increase towards the center (Figure 8a ). The corresponding SEM micrograph is shown in Figure 8b . The minimum height at the rim is 1.7 µm and the maximum height in the center 6.8 µm. The total absorber diameter is about 40 µm. An outer rim and a cavity in the center are absent for this kind of absorbers. In brief, the small islands have not extended in the horizontal direction after selenization, but the height has increased by a factor of about 3.
Structural and compositional characterization
Such an increase in thickness is also commonly observed for CISe films upon the incorporation of selenium and phase transformation. The top-view EDX mapping gives the same result as for the large islands, i.e. indium and copper are homogenously distributed (Figure 8c ). In contrast to the large absorbers of 60 µm diameter, according to the vertical cross-sectional EDX line scan, the distribution of copper and indium between top and bottom of the island is nearly uniform (Figure 8d ). There is a slightly copper-depleted Cu:In ratio at the CISe surface and a nearly stoichiometric Cu:In ratio at the CISe-molybdenum interface.
The cross-sectional EDX was performed in the red marked part of Figure 8d . Apparently, the intermixing of indium and copper during the alloying phase is more efficient for small indium islands, where shorter diffusion paths have to be covered due to a smaller indium island diameter and thickness. Since the copper layer was covering the indium island from all sides the diffusion was expected to be not only in thickness direction, but (to a minor extent) also in horizontal direction from the island sides. A shorter diffusion length leads to a more uniform composition and surface topography which is highly desirable for micro-concentrator solar cell applications.
Optical characterization
For investigating the optoelectronic properties of the micro-absorbers, photoluminescence mapping measurements were performed with a spatial resolution and step size of about 2 µm.
As a reference, the same measurement was carried out on a planar CISe absorber. A map of the spectral PL peak emission position is shown in Figure 9a , 9d and 9g for a large indium island precursor (60 µm), a small indium island precursor (40 µm) and a planar CISe absorber, where the green color represents a lower energy at about 1.01 eV, the purple color a higher energy peak position at about 1.04 eV, the red color the molybdenum substrate.
Statistical analysis of those PL maps yields a homogeneous distribution of the PL maximum position across the investigated sample area (Figure 9b, 9e and 9h) . Comparison of the full width at half maximum (FWHM) of the PL spectra showed a good agreement between the small island and the planar absorber (FWHM  80 meV), while the FWHM of the large island was found to be narrower by 20 meV.
The PL spectra of the CISe islands were averaged over all measured points and the resulting spectrum is plotted as a function of energy in Figure 9c , 9f and 9i for the large island, the small island and the planar absorber. Small variations in PL maximum in micro meter spots were possibly caused by small changes in Cu content [20] . We have examined the high energy side of the PL transition with a model that assumes the Boltzmann distribution for the occupation of carriers and square root function for the absorption coefficient. By neglecting the energy dependence of the transition matrix element this model gives [21] 
where E is the photon energy, E G the optical band gap, k the Boltzmann constant, T the carrier samples [22] . In general, the smaller the E U parameter, the less tail states are present in the forbidden band gap. The band-to-band recombination is the process with the highest emission energy and dominates the CISe luminescence at room temperature. Therefore, the energy of the band-toband recombination can be associated with the optical band gap energy. Comparing this transition energy for the large micro island, the small micro island and the planar absorber shows perfect agreement with a transition energy of 1.03 ± 0.01 eV determined for all samples. Similar PL spectra and band gaps were also reported for planar stoichiometric CISe absorbers in the literature, whereas Cu-poor samples were found to show transition energies significantly below 1 eV [21, 23] . The solar cell performance also could be optimized later (1) by providing a Ni:Al grid between ordered micro solar cell for reducing the carrier diffusion paths to the front contact, (2) by optimizing the isolation layer in order to reduce recombination at the absorber interface, and (3) by adapting the thickness of the CdS layer for the micro solar cell device.
Electrical characterization
Conclusion
The manufacturing of CISe micro-absorbers and micro solar cells is demonstrated for the first time in a bottom-up approach, which is based on the processing of well-controlled indium islands, followed by the deposition of a copper layer, selenization and selective removal of copper selenides. By varying the indium island diameters from 60 µm to 40 µm and the thickness of the covering copper film from 150 nm to 500 nm, the CISe micro-absorbers were optimized. The morphology and phase composition of the micro-absorbers both strongly depend on the initial copper-to-indium (Cu:In) ratio of the precursor. Generally, Cu:In ratios lower than one result in spreading of the precursor material during the selenization step. A low Cu:In ratio leads to an incomplete incorporation of indium in CISe and a partial formation of indium-selenides. Micro-absorbers with a pure CISe phase can be obtained by providing a slight excess of copper in the precursor. For these absorbers a homogeneous elemental distribution is realized. The resulting CISe micro-absorbers exhibit an optical band gap energy of about 1.03 eV and a high spatial homogeneity of photoluminescence across the entire island. With the optimized micro-absorbers, solar cells can be produced, which offer diode behavior and promise an efficiency of (2.9 ± 0.2)%.Our approach is promising as it offers the benefit of material saving by using only 1% of indium compared to planar solar cells. Future work will include further optimization of the solar cell device and utilize the fs-laser technology [13] to realize an arrangement with micro concentrator optics.
